Abstract This study was carried out in the framework of the Surface Water and Ocean Topography (SWOT) programme of the French National Centre of Space Studies (CNES). Based on discharge measurements and Gravity Recovery and Climate Experiment (GRACE) determination of total water storage (TWS), we have investigated the hydrological variability of the main French drainage basins (Seine, Loire, Garonne and Rhône) using a wavelet approach (continuous wavelet analyses and wavelet coherence analyses). The results of this analysis have shown a coherence ranging between 82% and 90% for TWS and discharge, thus demonstrating the potential use of TWS for characterization of the hydrological variability of French rivers. Strong coherence between the four basin discharges (between 73% and 92%) and between their associated TWS data (from 82% to 98%) suggested a common external influence on hydrological variability. To determine this influence, we investigated the relationship between hydrological variability and the North Atlantic Oscillation (NAO), considered as an index of prevailing climate in Europe. Basin discharges show strong coherence with NAO, ranging between 64% and 72% over the period . The coherence between NAO and TWS was 62% to 67% for [2003][2004][2005][2006][2007][2008][2009]. This is similar to the coherence between NAO and basin discharges detected for the same period. According to these results, strong influence of the NAO was clearly observed on the TWS and discharges of the major French river basins.
INTRODUCTION
The future availability of water resources is generally threatened by the increasing demands of growing population, economic expansion and the potential impacts of climate change.
The intensification of the global water cycle associated with climate warming (Labat et al. 2004 , Bates et al. 2008 could affect hydrological systems and water resources, and is recognized as a major and serious challenge for the 21st century (Mauget 2004, Novotny and Stefan 2007) . A global analysis of the potential effect of climate change on large basins demonstrated that many rivers affected by dams or extensive development will need significant management interventions to limit risks to ecosystems and people (Palmer et al. 2008) . Assessing the potential impact of global climate change on hydrological variability is crucial, particularly in France, to comply with the most recent EU Water Framework Directive and to reduce the potential threats to national water bodies.
Large basins, as integrators of climate change and heterogeneities of many parameters, represent good indicators for global change determination. Many studies of large basins worldwide (Rimbu et al. 2002 , Marengo 2005 and French basins (Etchevers et al. 2001 , Massei et al. 2010 have already been performed to characterize the hydrological variability of different rivers. Labat et al. (2004) used long-term discharge records of 221 rivers and demonstrated an increase of global runoff which could be related to climate forcing, such as the North Atlantic Oscillation (NAO). Similar studies have been undertaken for investigating the links between climate indexes such as the North Atlantic Oscillation (NAO) and river discharge (Rimbu et al. 2002 , Fritier et al. 2010 , Massei et al. 2010 . These studies were usually based on in situ flow data. However, it is also possible to perform such analyses using satellite data (Campos et al. 2001 , Zakharova et al. 2006 . Data collected by the satellite Gravity Recovery and Climate Experiment (GRACE) provide the variability assessment of the Total Water Storage (TWS). The GRACE sensor can estimate data with an accuracy of one centimetre in water thickness and a resolution of 300 kilometres (Cazenave 2000) . These data have been used, in many cases, for comparison with hydrological surface models and also studies related to global water stocks (Tiwari et al. 2009 , Becker et al. 2011 .
The present study was carried out in the framework of the programme Surface Water and Ocean Topography (SWOT) associated with the French National Centre of Space Studies (CNES). Here, we focus on characterization of the hydrological variability in four French basins using the wavelet approach. We aim to validate the GRACE data by comparing with discharge time series and to determine the origin of the hydrological variability.
The study is divided into three parts. First we characterize the hydrological variability and identify similarities and differences between basins. Second, we study GRACE data using wavelet analysis to validate their use for small-size basins in general, and French basins in particular. Finally, we determine the relationship between hydrological variability and climate fluctuations of the NAO index.
HYDROLOGICAL CHARACTERISTICS OF THE STUDY AREA
The largest French basins (Seine, Loire, Garonne and Rhône) cover 359 842 km 2 of France, i.e. 66% of the country (Fig. 1) . Due to the heterogeneity of France in terms of topography, geology and land use, these basins are classified as distinct entities which differ in their main characteristics (Fig. 1) .
The Seine is located in northwestern France, the Loire and Garonne are in the west while the Rhône is in the east. The Loire has a length of 1013 km and area of 117 000 km 2 ; it originates in the southern Massif Central and flows to its estuary in the Atlantic Fig. 1 The main French basins and their hydrometric stations used for this study.
Ocean. The Rhône (98 556 km 2 in area and 812 km long, flows from the Swiss Alps and supplies a delta in the Mediterranean Sea. The Seine (79 000 km 2 in area 776 km long) begins on the Langres Plateau and supplies the estuary in the English Channel. Finally, the Garonne (55 800 km 2 in area and 647 km long), flows from the Central Pyrenean mountains in Spain to the Gironde Estuary, which is formed by the confluence with the Dordogne (basin area 24 500 km 2 ), to supply the Bay of Biscay in the Atlantic Ocean.
These basins are characterized by a continental climate in their upstream part, with snowy winters and warm summers. Oceanic climate is manifested in the middle and lower parts of the Loire, Seine and Garonne, with heavy rainfall and low to moderate temperature range. The middle and lower parts of the Rhône are characterized by climate of the southwestern basin and Mediterranean climate, respectively (Joly et al. 2010) . Strong contrasts in hydrological responses have been identified in these four basins, a reflection of their geographical location and climate, and their morphological characteristics.
A simple hydrological regime of oceanic-rainfall type is observed for the Seine and Loire, with minimum and maximum values detected in July−August and December−January, respectively. However, Loire presents a rain-snowfall character in its upper waterway, with low discharge in summer and high discharge in autumn. Garonne and Rhône have complex hydrological regimes. The Garonne has minima during July−August and two maxima in January and April. The minima of the Rhône are observed in July−August and the maxima from November to March.
DATASET AND METHODS

River discharge data
Daily river discharge time series of the Seine, Rhône and Loire (Fig. 1) (Fig. 1) . These stations integrate 94% (Montjean sur Loire), 82% (Poses), 97% (Beaucaire) and 80% (Mas d'Agenais) of the corresponding basin areas.
GRACE space gravimetry
The Gravity Recovery and Climate Experiment (GRACE) space mission was launched on 17 March 2002. This mission is a collaboration of the United States and German space agencies: NASA and DLR. It utilizes a state-of-the-art technique to measure temporal variations of the Earth's gravity field by tracking through a K-band ranging system, the inter-satellite range and range rate between two coplanar, low-altitude satellites (Tapley et al. 2004) . The GRACE Science Data System (SDS) uses measured inter-satellite range and range rate data, along with ancillary data, to estimate monthly time series of the Earth's gravity fields (Bettadpur 2007 , Flechtner 2007 . Time-variable GRACE global gravity solutions were obtained from the website of NASA PODAAC (http://podaac.jpl.nasa.gov/gravity/grace [accessed 17 July 2013]). These data were provided by three GRACE SDS data processing centres: the Center for Space Research at the University of Texas at Austin, USA, the Geoforschungszentrum in Potsdam, Germany, and the NASA Jet Propulsion Laboratory. However, the data can be distributed by groups external to SDS, e.g. the Goddard Space Flight Center (NASA, Rowlands et al. 2002) , the Delft Institute of Earth Observation and Space Systems (DEOS, Klees et al. 2008) , and the Groupe de Recherche de Geodesie Spatiale (GRGS, Lemoine et al. 2007 ), among others. All GRACE monthly solutions represent average values, in both space and time. The GRACE monthly solutions are generally expressed in the form of spherical harmonic coefficients of the geoid height, up to some maximum degree typically between 60 and 100, corresponding to wavelengths of 400-700 km. Because of this truncation and filtering in the spectral domain, GRACE data are also spatially averaged. The error or discrepancy caused by the truncation effect is called leakage error (Chambers 2006 ).
Several studies have used the basin-scale gain factors approach to restore TWS signals over hydrological drainage basins (e.g. Klees et al. 2007 , Swenson and Wahr 2007 , Becker et al. 2010 , Longuevergne et al. 2010 , Famiglietti et al. 2011 , Landerer and Swenson 2012 . This method quantifies leakage error with the root-mean-square difference between unfiltered and filtered monthly mean water storage estimates from a global hydrological model. In order to reduce this leakage error, we derived a gain factor by minimizing the misfit between the unfiltered and filtered storage time series through a simple least-squares regression (Landerer and Swenson 2012) . Gain factors for basins with large areas are typically close to 1, while smaller basins have larger gain factors (Landerer and Swenson 2012) . Once calculated, the gain factor was applied to the filtered time series. In this study, we used outputs from the Interaction Sol-Biosphère-Atmosphère surface model (ISBA; Decharme et al. 2010) as a priori information to compute the leakage. The gain factors obtained were 0.91, 1.01, 1.21 and 1.27 for the Seine, Loire, Garonne and Rhône basins, respectively. These results were checked with other models such as the WaterGAP global hydrology model (WGHM; Döll et al. 2003) and the Land Dynamics models (LaD; Milly and Shmakin 2002) , showing an error of 2%.
In this study, we have used GRACE products (http://grgs.obs-mip.fr/grace/variable-models-gracelageos/grace-solutions-release-02 [accessed 17 July 2013]) computed by the GRGS (Bruinsma et al. 2010) . These products are monthly GRACE solutions provided as 1 × 1 global grids from July 2002 through to December 2009.
Continuous wavelet transform (CWT)
We used the wavelet transform on the temporal variability of hydrological time series (discharge and TWS), to allow a time-frequency (or time−scale) spectral decomposition of the signals to be analysed.
Several previous studies have used wavelet transform for analysing the relationships between rainfall, discharge and climate fluctuations (Coulibaly and Burn 2004, Massei et al. 2010) , discerning the frequency mode of daily precipitation (Nolin and Hall McKim 2006) and studying the variation/periodicity of lake levels (Küçük et al 2009) .
Detailed explanations of the continuous wavelet transform (CWT) methodology and its application to hydrometeorological or climatic signals are now widely documented in the literature (Labat 2005, Schneider and Farge 2006) . For a more complete overview of CWT analysis, the reader is referred to Torrence and Compo (1998) , who provided a practical guide to wavelet analysis. In what follows we briefly describe the general principle of CWT.
This robust method is useful to determine the variation of the spectral power in a signal in time and scale (which can ultimately be converted to equivalent Fourier period). The continuous wavelet transform was used to represent the signal as a weighted sum of translated and dilated small waves, called "daughter wavelets" that are obtained by translation and dilation of a reference (the so-called "mother") wavelet:
where a is a scale parameter (dilation of the filter) and b a time-localization parameter.
The continuous wavelet transforms of a signal (S (t)) produces a wavelet spectrum and is defined by:
The wavelet transform corresponds to the filtering of a signal by a bandpass filter, which corresponds to a wavelet basis. Dilated versions of the mother wavelet (i.e. daughter wavelets corresponding to each value taken by parameter a) are generally used for investigating the spectral content of the signal (in a way analogous to Fourier analysis) at any time, while at each scale a the translation of the wavelet (parameter b) gives access to the spectral content at the corresponding time. The CWT produces a time−scale diagram (that can also be represented as a time−period or a time−frequency diagram) showing the distribution of the spectral content (power, z-axis) across time (x-axis) and at different scale (or period or frequency, y-axis). Several types of wavelets exist, but the Morlet wavelet used here is the most commonly used and presents a good trade-off between frequency and time resolution. It consists of a Gaussian-modulated sine wave; for more details and equation, see Torrence and Compo 1998) . Here a frequency of 6 was chosen for the Morlet wavelet.
Figure 2 provides a visualization of the spectral content of two signals composed of three pure sine waves. In one case, the signal corresponds to the sum of the three sines over the entire time-span (Fig. 2.I . a), while in the second case, the signal is composed by the same concatenated sines (i.e. they appear successively in the signal, Fig. 2.I.b) . The corresponding Fourier spectrum detects the presence of the three sines in each case and provides similar information (Fig. 2.II.a and b) , although in one case (Fig. 2.I.b) , they do not exist through the entire time span, information which cannot be provided by the Fourier transform. However, the continuous wavelet spectrum identifies those periods of time during which each sine wave occurs (Fig. 2.III.b) . When frequencies have constant amplitudes through time, the wavelet spectrum simply displays constant power at each corresponding frequency (Fig. 2.III.a) .
When processing real data with the aim of interpreting the spectral content detected by continuous wavelet analysis, it is useful to represent the so-called cone of influence: this defines the area on the wavelet spectrum where the edge effect becomes important. In practice, since the wavelet transform is based on the convolution of the signal to be analysed with a set of wavelets, it is more convenient to process the data in the Fourier space, hence replacing convolution by a simple algebraic product, and to transform the data back to the time domain to obtain the wavelet coefficients. However, the Fourier transform implies the occurrence of errors near the edge of the signal because it is not cyclical and of finite length. To circumvent this issue, zeroes can usually be added at the end of the signal, at the cost of a loss in power in the wavelet spectrum (the predicted power is as underestimated as more zeroes are accounted for in the convolution process). For more detailed and technical explanations, the reader is referred to Torrence and Compo (1998) . Then, within the cone of influence, the wavelet power is underestimated. It is represented in all spectra except those of Fig. 2 . Wavelet analyse was used here (equation (1)) in univariate mode to identify the main variability modes of signal and (equation (2) 
where WC n is wavelet coherence, W n is the wavelet and S is the signal, and X and Y correspond to two variables studied. The wavelet phases are also plotted to show the amount of delay between both signals (Maraun and Kurths 2004) . The values of the phase diagram are contained between −π and π. For a zero phase difference, the two variables are in phase. For a π or −π phase difference, the two variables are out of phase (opposite phase) at the corresponding scale.
RESULTS: HYDROLOGICAL VARIABILITY
In this section, surface water variability is analysed from river discharges (Section 4.1). We focus on TWS which corresponds to surface water combined with groundwater (Section 4.2) to show the importance of surface water relative to groundwater. Finally, we determine the relationship between hydrological variability and the NAO index (Section 4.3).
River discharges
To study the hydrological variability in French basins, we applied the wavelet approach to the discharge data (Fig. 3) and found four modes of variability. Each mode was statistically tested by Monte Carlo simulation against white noise (AR(1) = 0), with a confidence level of 90%: (a) a 1-year band (annual cycle), (b) a 2-4 year band from 1960 to 1980 detected only for Garonne and Rhône, (c) a 5-8 year band from the 1980s, except for Rhône, where this mode is present during the full period of study, and (d) a 16-32 year band during the full time period, except for Garonne, where this mode appears since 1980. Similarities of the variability modes were detected for all the studied basins; however, the 2-4 year band is only present in Garonne and Rhône. Such similarities are interrupted by many discontinuities observed in: (i) 1960, 1970 in Seine and Rhône and 1990 in Loire, Garonne and Rhône for the 1-year mode, and (ii) the 1980s associated with the appearance in Loire, Seine and Garonne of the 5-8 year band, which is observed from 1960 in Rhône, while the 2-4 year mode disappears in Rhône and Garonne. Despite these small differences observed in French basin discharges, some similarities in the frequency mode were emphasized. This comparison was then validated based on coherence and phase analyses, which suggested strong phase correlation ranging between 73% and 92% (Table 1) .
According to the wavelet results, a common hydrological variability among the four studied French basins can be detected.
GRACE: total water storage (TWS)
The limitations of using GRACE were demonstrated for the French rivers due to their small size and the limited, 300-km spatial resolution of GRACE.
In order to compute TWS over areas with sizes closer to the GRACE resolution, De Linage (2008) considered the Seine and the Loire basins (respectively, the Garonne and the Rhône basins) as a single basin, based on their similar hydrological behaviour. To verify this assertion, we performed the wavelet coherence analysis between TWS over the four basins (Table 1) . As expected, the results show a strong coherence between the Seine and the Loire basins (98%). However, the coherence between the Garonne and the Rhône basins is not as high (90%) and the Garonne basin seems to have higher coherence with the Seine (95%) and the Loire (98%) basins. One may note that such high coherences may also be partly due to leakage effects, since the basins' areas are close to the GRACE resolution. However, the GRACE TWS have been corrected for leakage effects (Section 3.2), so the observed coherence can be explained by the close hydro-climatic behaviour. For this reason, and contrary to the work of De Linage (2008), the four basins were studied separately.
The TWS and discharge data were compared to validate the use of GRACE measurements to characterize the hydrological variability of French rivers. The monthly average discharge and TWS were standardized as:
where sd represents the standard deviation.
Hydrological variability of French rivers, assessed from gauging station and GRACE observations
The data were compared for the period 2003-2009 (Fig. 4) . Variations in TWS are similar to those observed in the discharge of the studied basins, as shown in Fig. 4 . However, they differ in their amplitudes over three time periods: mid-2004 in the Seine and Rhône, where decrease of TWS seems to be delayed compared to discharge; 2006; and late 2009, when discharges are more important than TWS in the studied basins. Such differences can be explained by the effect of global stocks of water (surface water and groundwater) that are included in TWS data.
Accordingly, GRACE data can be used to characterize the hydrological variability of small basins. The validation of this result was achieved using a coherence wavelet to determine the common patterns of variability between GRACE data and discharge (Fig. 5) . The results are 90%, 89%, 85% and 82% coherence between the patterns of variability of discharge and TWS for the Garonne, Loire, Seine and Rhône, respectively (Fig. 5.I) .
Phase diagrams show the phase coherence for all modes of variability (Fig. 5.II) . For both 1-year and Fig. 3 Wavelet analyses of discharges of (a) the Seine, (b) the Loire, (c) the Garonne and (d) the Rhône (black and white dotted lines indicate the modes of variability statistically tested at a confidence level of 90%; the solid black line indicates the cone of influence; white indicates the presence of mode of variability). Table 1 Coherence percentage of wavelet coherence analyses between the variability of discharge of the French basins and between the variability of TWS of the French basins; and, in parentheses, the associated phase shifts.
Basin
Loire Garonne Rhône
2-to 4-year modes, the coherence is largely observed. At inter-annual scales, the variability modes of less than 1 year were not taken into account because we used monthly time series.
Consequently, TWS can be used to characterize the hydrological variability of basins in spite of their small size. This finding shows that GRACE data are useful for the study of similar river systems. 
Hydrological variability and the NAO index
A large coherence of the hydrological variability between the four French basins was shown by the use of discharge data (Section 4.1) and TWS (Section 4.2). Generally, the hydrological variability can be explained by regional or global climate factors. In fact, similarities in frequency modes between the studied basins can be explained by a common external forcing of global climate fluctuations.
Previous studies have indicated a strong relationship between climate indices and discharges (Labat 2010 , Masseï et al. 2010 . The relationship between NAO and discharge for the Seine was studied by Massei et al. (2010) , showing similar modes of variability such as 2-4 year, 5-8 year and 16-32 year (Fig. 6 ) and similar discontinuities, especially in the 1970s (appearance of a 5-8 year energy band and a 16-32 year band, and disappearance of the 2-4 year band). This index was also used in the present research to explain the origin of the different modes of variability observed in the discharge and TWS data (Fig. 7) .
In the literature, the NAO index is defined as a coupled atmospheric and oceanic phenomenon which concerns mainly the North Atlantic. This index represents the difference of atmospheric pressure at sea level (SLP) between the Icelandic low and the Azores high. There are various calculation methods for the NAO index. The index used in the present research is the difference in the normalized daily SLP regionally zonal-averaged over the North Atlantic sector from 80°W to 30°E between 35°N and 65°N (Jianping and Wang 2003) .
The NAO index captures large-scale circulation features of the NAO and measures the intensity of zonal winds across the central North Atlantic between 35°N to 65°N. Jianping and Wang (2003) have shown that NAO index provides a faithful and optimal representation of the spatial−temporal variability associated with the NAO. The daily NAO index from 1950 to 2010 was provided (http://ljp. lasg.ac.cn/dct/page/65544 [accessed 17 July 2013]).
We have determined the wavelet coherence between NAO and both discharge and TWS. Strong coherence was found between NAO and discharge with 64% for Seine, 70% for Loire, 71% for Rhône and 72% for Garonne (Fig. 7.I) . Similarly, good coherence was observed between NAO and TWS, as shown in Table 2 . A correlation was found (Table 2 ). Low frequencies of the 5-8 year and 16-20 year modes cannot be observed from the TWS analysis due to the length of the time series. The discharge data mainly show high coherence for three modes of variability (Fig. 7 ):
• 16-32 year mode during the full study period for Seine, Loire and Rhône; this coherence appears after 1970 for Garonne; • 5-8 year mode in the four basins since the 1990s; • 2-4 year mode for Garonne and Rhône between 1960 and 1975 .
The different modes of variability, observed from this coherence, are the same as described in Section 4.1. According to the phase diagrams, the coherence between NAO and discharges for the different modes (16-20, 5-8 and 2-4 years) displays a shift of the phase (Table 3 and Fig. 7 .II). For the Garonne and Rhône, the 2-4 year coherence shows a phase shift of 3π/4 compared with NAO. The shift is of −π/2 and from −π/2 to π for 5-8 and 16-32 years, respectively. The phase shift associated with 5-8 year coherence varies between 8 months and 1 year, which can be explained by groundwater recharge.
Similar results for NAO coherence were found in both precipitation (Fritier et al. 2010 ) and discharge (Massei et al. 2010 ) of the Seine. Fritier et al. (2010) have shown a complex influence of NAO index on precipitation, with a phase shift of π/2 and π for the 5-9 and 16-20 year modes, respectively.
Vicente-Serrano and López-Moreno (2005) have demonstrated that the time lag between climate anomalies and the response of hydrological systems varies in time. The dependence of the phase shifts on hydrological characteristics was studied by López-Moreno et al. (2007) .
The link between NAO index and the discharge variability at the four French basins seems to be Table 3 Phase shifts between different modes of variability of the NAO and the four French basins, according to phase diagrams of the wavelet coherence.
2-4 years 5-8 years 16-20 years
−π/2 between -π and -π/2 Rhône/NAO 3π/4 −π/2 −π important, as demonstrated by the high values of wavelet coherence. However, this influence seems to be more complex, because the coherence shows an in-phase and an out-of-phase relationship. The shift of phase coherence could be associated with internal factors responsible for the local hydrological variability within the studied basins.
CONCLUSION
This study focuses on four French basins (Seine, Loire, Garonne and Rhône) with different features, using both discharge and TWS data. The hydrological variability of the studied basins, investigated using a wavelet approach, shows different time frequencies (1 year, 2-4 year, 5-8 year and 16-32 year modes). The main finding of the present research can be summarized as: a high similarity of modes of variability between the four stations in both discharge and TWS data.
The coherence between the four basins was important, ranging between 73% and 92% for discharge for the period 1959−2010. This coherence was of 82% and 98% for TWS during 2003-2009. The comparison between discharge and TWS has demonstrated similar results showing that TWS data can reproduce the hydrological variability of the basins despite their (relatively) small size. These results were validated by a coherence wavelet indicating an order of 90%, 89%, 85% and 82% for the Garonne, Loire, Seine and Rhône, respectively. Accordingly, GRACE data are considered as useful for characterizing the variability of hydrological systems and water resources. Satellite measurements represent an excellent alternative for studying hydrological systems and water resources through time in basins of similar size to the studied ones, where discharge measurements are not available.
The different modes of variability, extracted from data by the use of the wavelet analysis, show a strong relationship with NAO between 1959 and 2010 for discharge and between 2003 and 2009 for TWS. This coherence was only manifested for low frequencies (5-8 year and 16-32 year modes) using discharge data.
The phase coherence between NAO and discharge is out of phase by 3π/4 for the 2-4 year mode of the Garonne and Rhône. This shift is −π/2 and from −π/2 to π for the 5-8 year and 16-32 year modes, respectively. Such a result shows that the relationship between NAO and the parameters of the hydrological cycle is complex. This fact can be explained by the complexity of the physical mechanisms involved (Kingston et al. 2006 (Kingston et al. , 2007 and also the degree of non-stationarity of the climate index.
Further efforts will be focused on the main physical processes explaining the relationship between global climate conditions such as NAO and other indexes (ENSO) and hydrological variability in basins whose characteristics are different from those studied here.
